Incubation of Rhodospirillum rubrum homoserine dehydrogenase (L-homoserine:NAD+ oxidoreductase, EC 1.1.1.3) with p-mercuribenzoate (PMB) in the presence of 0.2 M KCI and 2 mM L-threonine resulted in complete loss of enzyme activity. Upon removal of excess PMB, KCI, and Lthreonine, a time-dependent recovery of enzyme activity was observed in 25 mM phosphate/i mM EDTA buffer, pH 7.5. Homoserine dehydrogenase (L-homoserine:NAD+ oxidoreductase, EC 1.1.1.3) of Rhodospirillum rubrum, which catalyzes the reversible transformation of aspartate f3-semialdehyde and homoserine, has a molecular weight of 110,000 and consists of two subunits of molecular weight 55,000 (1). A large number of experiments (1-3) have shown that the enzyme has two -SH groups per 110,000 g, one of which is "buried" in the protein interior. In the absence of a protein denaturant, the buried -SH group could be exposed by high concentrations of KC1 or by the allosteric inhibitor L-threonine. Incubation of the native enzyme with sulfhydryl reagents did not result in a significant loss of catalytic activity; upon addition of L-threonine and KCI to the incubation mixture, enzyme inactivation was rapid with a half-life of less than 5 min, indicating that the buried -SH group is essential for catalytic activity (1, 3) .
[14C]PMB revealed loss of enzyme-bound radioactivity during reactivation. Increase in ionic strength of the phosphate buffer and/or addition of L-threonine, leading to enzyme aggregation, decreased the rate of enzyme reactivation; aggregated enzyme that remained inactive retained [14C]PMB on the enzyme.
Sulfhydryl titration of various forms of the enzyme suggested a preferentialrelease of PMB from a sulfhydryl group essential to enzymic aitivity. We conclude that reactivation of the inactive enzyme is due to dissociation of PMB from an "active-site" sulfhydryl group and that changes in the protein structure influence the rate of dissociation of the enzyme-PMB complex.
Homoserine dehydrogenase (L-homoserine:NAD+ oxidoreductase, EC 1.1.1.3) of Rhodospirillum rubrum, which catalyzes the reversible transformation of aspartate f3-semialdehyde and homoserine, has a molecular weight of 110,000 and consists of two subunits of molecular weight 55,000 (1) . A large number of experiments (1) (2) (3) have shown that the enzyme has two -SH groups per 110,000 g, one of which is "buried" in the protein interior. In the absence of a protein denaturant, the buried -SH group could be exposed by high concentrations of KC1 or by the allosteric inhibitor L-threonine. Incubation of the native enzyme with sulfhydryl reagents did not result in a significant loss of catalytic activity; upon addition of L-threonine and KCI to the incubation mixture, enzyme inactivation was rapid with a half-life of less than 5 min, indicating that the buried -SH group is essential for catalytic activity (1, 3) .
During these studies we observed that, under certain conditions, enzyme inactivated by p-mercuribenzoate (PMB) in buffer containing KCl and threonine was spontaneously reactivated when excess PMB, KCI, and threonine were removed by gel filtration. Similar reactivation of PMB-treated enzyme has also been reported for pig and beef heart lactate dehydrogenases by Gruber et al. (4) and Massaro and Markert (5) , respectively; in both cases, the process of self-reactivation was attributed to the displacement of the organomercurial from essential to nonessential -SH groups on the enzyme. In this report we present data to indicate that reactivation of PMB-inactivated homoserine dehydrogenase occurs by a novel mechanism-dissociation of PMB from an "active-site" -SH group-and that the rate of reactivation is influenced by the various conformational states of the protein. (1) . Purity of enzyme preparations was routinely checked by polyacrylamide gel electrophoresis as described (2) . The procedures for measuring enzyme activity in the forward and reverse directions have been described (2) . Sulfhydryl Titration. Freshly purified enzyme was dialyzed exhaustively against buffer S (25 mM potassium phosphate, pH 7.5/1 mM EDTA) to remove DTT. Titration of reactive -SH groups with DTNB at 250 was performed by the Ellman method (6) as described by Datta (2) . A molecular weight of 110,000 (1) The rate of enzyme reactivationt is expressed as the time (hr) required to achieve 50% reactivation (t50%); enzyme was considered to be reactivated 100% when activity regained spontaneously (in the absence of DTT) was equal to that obtained in assay with DTT. Rarely, when enzyme was subjected to extremes of pH, salt, or L-threonine, 100% reactivation was not achieved. From a typical plot of reactivation kinetics (see Fig.  1 ), the time required for 50% reactivation was approximately 50 hr. For eight different enzyme preparations, the t50% values in buffer S at 250 ranged from 20 to 80 hr; however, most values were close to 50 hr. Despite examination of various conditions to which this variation might be attributed, no satisfactory explanation has been found. To compare the rates of reactivation under various experimental conditions, the data are expressed as relative reactivation rate, defined by the to%. in buffer S (run simultaneously with the same enzyme preparation) to that observed under other conditions described for individual ex- Other Methods. Protein concentration was determined by the method of Lowry et al. (9) 725 Ag/ml. The optimal pH for reactivation was pH 7.5, and the rates were decreased by about 30% at pH 6.5 and 8.4. The rate of reactivation increased with temperature, and at 450 the t5o% value decreased by 5-fold; at 40 no reactivation was observed up to 100 hr. Absence of EDTA in buffer S did not influence the inactivation kinetics. It should be emphasized that enzyme reactivated once could be repeatedly inactivated and reactivated through several cycles. Analogous to the situation reported for the pig heart lactate dehydrogenase (4), DTNB-inactivated homoserine dehydrogenase did not reactivate spontaneously.
MATERIALS AND METHODS
Dissociation of PMB from Inactive Enzyme. Several mechanisms could be envisaged for the spontaneous reactivation of an inactive enzyme-PMB complex: (i) transfer of PMB from essential to nonessential -SH groups (4, 5) , (ii) a conformational change making PMB-modified -SH groups no longer necessary for catalytic activity; and (iii) dissociation of PMB from the enzyme. Because the enzyme from R. rubrum contains two -SH groups, both of which react with PMB in the presence of KCI and threonine (refs. 1 and 3; see Table 1 ), it seemed likely that spontaneous reactivation might occur by dissociation of PMB from the -SH groups on the enzyme. The data presented in Fig. 2 * Throughout this article the term "rate of enzyme reactivation" is used simply to denote, for comparative purposes, the time taken to regenerate 50% of enzyme activity under various experimental conditions; it is not the true rate in the kinetic sense. Although the results discussed above clearly show a preferential dissociation of PMB from the "inner" -SH group, upon prolonged incubation a fraction of the total enzyme molecules also released their PMB bound to the "surface" -SH group. This is evident from the data shown in Fig. 2 (also see Fig. 4 enzyme fully functional but with its "surface" -SH group at least partially blocked with PMB (cf. Fig. 2 and Table 1 ). Indeed, the spectrum of the native enzyme with only the "surface" -SH group blocked by PMB (indicated by the broken line and identified as "active" in Fig. 3 ) had an MRW0 208 value of -10,900, similar to that of the fully reactivated enzyme.
The changes in protein conformation accompanied by spontaneous reactivation of the inactive enzyme led us to investigate the kinetics of reactivation in the presence of KCI and threonine, additions that influence the state of aggregation of the R. rubrum homoserine dehydrogenase (2, 3, 10). The results (Fig. 4) show that addition of 0.2 M KCI and 2 mM threonine to buffer S prevented enzyme reactivation as well as release of enzyme-bound [14C]PMB up to a period of 100 hr. When threonine and KCI were removed, the same enzyme sample showed the usual kinetics of reactivation with concomitant release of [14C]PMB. We conclude that the altered conformational state of the enzyme in the presence of KCI and threonine did not allow the dissociation of PMB from the "inner" essential -SH group so that enzyme reactivation could occur.
Effects of Various Ligands on Reactivation. Because homoserine dehydrogenase of R. rubrum is a regulatory enzyme and undergoes various conformational changes in the presence of several biologically significant metabolites (2, 3, 10) , the effects of these metabolites on spontaneous reactivation were examined ( Table 2) . Addition of 2 mM L-threonine, an allosteric inhibitor, or 0.2 M KCI to buffer S significantly retarded the rate of enzyme reactivation; a combination of threonine plus KCI prevented reactivation. D-Threonine was ineffective.
The effects of two other amino acids, L-isoleucine and Lmethionine, on enzyme reactivation were also examined. These amino acids individually stimulate enzyme activity and, when added together with L-threonine, counteract the inhibitory and aggregating effects of L-threonine (11) . When added separately, L-isoleucine and L-methionine had no effect on enzyme reactivation; however, when buffer S was supplemented with 2 mM threonine and either 0.01 M isoleucine or 0.01 M methionine, the rate of enzyme reactivation was similar to that observed with buffer S alone, indicating that isoleucine and methionine Table 2 also show that in 2 mM potassium phosphate buffer, pH 7.5, containing 1 mM EDTA, the enzyme reactivation kinetics were normal; addition of 2 mM L-threonine to this buffer, however, did not retard the rate of enzyme reactivation. This result is consistent with earlier observations (3, 12, 13) that, in buffer low in potassium, the enzyme is desensitized to its allosteric inhibitor, L-threonine.
DISCUSSION
Numerous examples exist in which the catalytic activity of an enzyme is abolished by modification of active-site -SH groups with an organomercurial such as PMB; the enzyme activity may be restored by treating the inactive enzyme with reducing reagents to regenerate essential -SH groups. Spontaneous reactivation of an enzyme inactivated by PMB is an unusual and rare example. Several mechanisms may be proposed to account for this phenomenon of spontaneous reactivation: (i) transfer of organomercurial from essential to nonessential -SH groups; (ii) conformational change that makes blocked -SH groups nonessential to enzymic activity, and (iii) dissociation of organomercurial from the enzyme. Various data (4, 5) on beef and pig heart lactate dehydrogenases indicate that spontaneous reactivation of PMB-inactivated enzyme is mediated by an exchange reaction (mechanism i). Because both these enzymes contain a total of 16 -SH groups per mol and only 4 of them are (14, 15) , the remaining nonessential -SH groups are generally available for exchange.
Homoserine dehydrogenase of R. rubrum, on the other hand, contains two free -SH groups, both of which react with PMB in the presence of KC1 and threonine. This precludes exchange as the mechanism of enzyme reactivation. The results of [14C]PMB binding experiments and the effects of allosteric modifiers on enzyme reactivation kinetics provide direct support for mechanism iii: conformation-dependent dissociation of PMB from a -SH group required for enzyme activity.
As yet, the exact temporal relationship between the dissociation of PMB and the transition from inactive conformational state to the "active" conformation is not known. It is possible that, as the inactive enzyme-PMB complex undergoes a slow conformational change to the most thermodynamically stable form, simultaneous release of PMB leads to restoration of enzyme activity. On the other hand, dissociation of PMB could precede the necessary conformational change. A third alternative is that the conformational change to "active" form precedes dissociation of PMB; however, with two bulky PMB groups bound to the enzyme, this situation seems unlikely. Preliminary studies (unpublished data) have revealed an instantaneous release of radioactivity from the enzyme under denaturing conditions, indicating that destruction of the tertiary structure removes steric restrictions which, in the native enzyme, may be rate-limiting for the dissociation to occur.
A cautionary note must be introduced on the significance of the differences in MRWO 208 values between the various forms of homoserine dehydrogenase due to the unknown contribution of the asymmetrically bound residual PMB. Examination of the circular dichroism spectra of inactive enzyme treated with DTT and of the "active" enzyme with its "surface" -SH group blocked with iodoacetate may provide better insight as to the effect of enzyme-bound PMB on the circular dichroism spectrum. Nevertheless, the known effects of KC1 and the amino acid modifiers clearly establish that some conformational changes occur during the transition from active to inactive enzyme and during the subsequent reactivation.
Spontaneous reactivation of the R. rubrum homoserine dehydrogenase, a case of dissociation of PMB from a protein -SH group, may serve as a model system for investigating mercaptide bonds in proteins. The ease of dissociation of the mercurial from the enzyme warrants cautious interpretation of experiments in which PMB is used.
